Objective Assess the association between fine motor (FM) and visual-motor integration (VMI) skills and academic achievement in pediatric acute lymphoblastic leukemia (ALL) survivors. Methods In this 28-site cross-sectional study of 256 children in first remission, a mean of 8.9 6 2.2 years after treatment for standard-risk precursor-B ALL, validated measures of FM, VMI, reading, math, and intelligence were administered at mean follow-up age of 12.8 6 2.5 years. Results VMI was significantly associated with written math calculation ability (p < .0069) after adjusting for intelligence (p < .0001). VMI was more strongly associated with math in those with lower intelligence (p ¼ .0141). Word decoding was also significantly associated with VMI but with no effect modification by intelligence. FM skills were not associated with either reading or math achievement. Conclusion These findings suggest that VMI is associated with aspects of math and reading achievement in leukemia survivors. These skills may be amenable to intervention.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common childhood malignancy and has a peak incidence between 1 and 4 years of age (Howlader et al., 2014) . Nearly 90% of children diagnosed with ALL will be cured (Howlader et al., 2014) , but survivors are at increased risk of neurocognitive sequelae of treatment across a range of domains, including attention, information processing, and intellectual functioning (Campbell et al., 2007) . These cognitive processing difficulties are consistently reported in survivors even after cranial radiation was eliminated from most therapeutic protocols (Campbell et al., 2007; Iyer, Balsamo, Bracken, & Kadan-Lottick, 2015) . Impairments contribute to diminished academic achievement and higher utilization of special education services (Harshman et al., 2012; Kaemingk, Carey, Moore, Herzer, & Hutter, 2004; Mitby et al., 2003) . Factors such as female gender (Waber, Tarbell, Kahn, Gelber, & Sallan, 1992) , younger age at diagnosis (Copeland, Moore, Francis, Jaffe, & Culbert, 1996) , and greater time elapsed since treatment (Moore, 2005) have been associated with worse neurocognitive outcomes in some, but not all, studies.
Reduced fine motor functioning is consistently found in children treated for ALL (Espy et al., 2001; Hockenberry et al., 2007; Jansen et al., 2008; Kingma et al., 2001; Vainionpaa, Kovala, Tolonen, & Lanning, 1995) . Treatment protocols for ALL include drugs such as vincristine that cause diminished motor function as a result of peripheral neuropathy both during (Casey, Jellife, Le Quesne, & Millett, 1973) and after the conclusion of therapy (DeAngelo, 2009; Hartman, van den Bos, Stijnen, & Pieters, 2006; Lehtinen et al., 2002) . Treatment with central nervous system-directed chemotherapy, such as intrathecal methotrexate, has also been demonstrated to cause motor and sensory problems in children with ALL (Harila-Saari, Huuskonen, Tolonen, Vainionpaa, & Lanning, 2001; Harila-Saari, Vainionpaa, Kovala, Tolonen, & Lanning, 1998; Vainionpaa, Kovala, Tolonen, & Lanning, 1997) . Fine motor skills are also integral to visual-motor integration (VMI; Beery & Beery, 2004) , the ability to coordinate motor and visual perception. This neurocognitive function is also consistently affected in survivors of ALL with other cognitive deficits (Copeland et al., 1996; Espy et al., 2001; Hockenberry et al., 2007) .
Among young, typically developing children, fine motor and VMI skills are associated with the emergence of early math and reading skills (Cameron et al., 2012; Grissmer, Grimm, Aiyer, Murrah, & Steele, 2010; Kaemingk et al., 2004; Son & Meisels, 2006) . In spina bifida patients with known motor deficits, fine motor skills, visual-spatial skills and visual-motor coordination were predictors of math ability at age 3 and 5 years (Barnes et al., 2011) . Fine motor functioning was uniquely associated with counting knowledge, oral counting, and arithmetic ability among typically developing children in this study (Barnes et al., 2011) .
It is hypothesized that fine motor and finger skills play a critical role in learning to count and calculate (Butterworth, 1999 (Butterworth, , 2005 . Butterworth (1999 Butterworth ( , 2005 suggests that children learning to count and execute simple arithmetic problems use their fingers as tangible representations of number. Neuroimaging findings support the connection between counting and mental math calculations and finger movements (Andres, Seron, & Olivier, 2007; Zago et al., 2001) . Additionally, it has been suggested that finger counting among young children may reduce working memory demands and thus facilitate the acquisition of basic arithmetic skills (Alibali & DiRusso, 1999) . Conversely, without fine motor facility, a strong foundation of arithmetic and problem solving skills may not develop efficiently (Barnes & Raghubar, 2014) .
There is also a relationship, though less direct, between VMI and word reading. For example, VMI is strongly associated with handwriting ability (Daly, Kelley, & Krauss, 2003) for which there are heavy demands in the elementary school classroom. Interventions to improve letter formation in first graders have simultaneously improved single word decoding skills (Berninger et al., 2006) . Writing, speaking, and reading all require coordinated fine motor movements of the hand, mouth, and eye, respectively (Grissmer et al., 2010) . More broadly, a body of research explicates the links between motor and cognitive skills (Diamond, 2000) as evidenced by functional imaging studies that show simultaneous activation in prefrontal and cerebellar areas for cognitive tasks.
Whether fine motor and VMI significantly contribute to the diminished reading (Harshman et al., 2012; Mulhern, Fairclough, & Ochs, 1991; Peterson et al., 2008) and math (Espy et al., 2001; Harshman et al., 2012; Mulhern et al., 1991; Peterson et al., 2008) achievement in ALL survivors has not been demonstrated. Because the peak incidence of ALL occurs between the ages of 1 and 4 years (Howlader et al., 2014) , the effects of reduced fine motor function may particularly impact these young children who are learning rudimentary counting, arithmetic, and decoding skills. To our knowledge, there are no available studies of reading outcomes and only one small study of math and cognition in 15 patients (Kaemingk et al., 2004) . Furthermore, this small study did not adjust for intelligence, which is strongly associated with achievement and could be a confounder (Barnhardt, Borsting, Deland, Pham, & Vu, 2005; Cameron et al., 2012; Fayol, Barrouillet, & Marinthe, 1998; Kulp, 1999) .
Specific studies in ALL patients are needed because this young population is at risk for acquiring a range of neurocognitive deficits, and the relative contribution of fine motor and VMI skills in this setting may be different from the general population (Kaemingk et al., 2004) . Fine motor difficulties are amenable to intervention (Dankert, Davies, & Gavin, 2003) and could be an appropriate target for remediation.
In this current study of a large, homogenous sample of children previously treated for ALL with chemotherapy-only regimens, our aim was to determine if fine motor and VMI skills were associated with math calculation and word decoding, while controlling for intelligence. We also sought to identify other patient and treatment factors that potentially contribute to any association.
Methods

Participants
We conducted a cross-sectional study at limited institutions of patients with ALL previously enrolled and randomized in legacy therapy protocols (i.e., closed to enrollment), CCG 1922 and 1952 , which were open from March 1993 to August 1995 and May 1996 to February 2000 , respectively (Bostrom et al., 2003 Stork et al., 2010) . Patients were eligible for participation in the current neurocognitive follow-up study if they were diagnosed and enrolled on one of these protocols for standard risk precursor B-ALL at 1 of the 28 sites. The National Cancer Institute Criteria (Smith et al., 1996) defines standard risk precursor B-ALL as peripheral white blood count <50,000 and age between 1.0 and 9.99 years. Patients were also off-therapy and in first remission. Participating institutions were chosen based on their interest and availability of a licensed psychologist, as well as the support staff necessary to implement the study. An effort was made to include both community and tertiary care programs from all major regions of the nation to maximize ethnic and geographic diversity. All patients received central nervous system-directed chemotherapy with intrathecal medications; however, no patient had a history of central nervous system leukemia. Thus, no child received cranial radiation. Additional eligibility requirements included completion of all therapy at least 1 year previously, age at evaluation of 6-16.99 years, no history of preexisting developmental disorders (e.g., trisomy 21, developmental delay), no history of very low birth weight (<1,500 g), which is associated with nonverbal and math disabilities (Harnadek & Rourke, 1994; Taylor, Hack, Klein, & Schatschneider, 1995; Worling, Humphries, & Tannock, 1999) , and no pre-cancer history of having been retained in school or requiring special education services. The age restriction corresponded to the validated age range of the standardized neuropsychological instruments used in the evaluation. In addition, individuals were excluded if they had been nonrandomly assigned to more intensive therapy because of unfavorable cytogenetic findings or a slow response after induction. The methodology has been previously reported (Kadan-Lottick, Brouwers, Breiger, Kaleita, Dziura, Liu, et al., 2009; Kadan-Lottick, Brouwers, Breiger, Kaleita, Dziura, Northrup, et al., 2009; Kunin-Batson, Kadan-Lottick, & Neglia, 2014; Walsh et al., 2015) . There was no difference in vincristine dosing between protocols.
A total of 746 patients were enrolled on the two therapeutic studies at the participating sites and were potentially eligible. Of these, 263 patients consented and completed the evaluation and 256 had complete data for tests of fine motor and VMI skills. Of the remaining 483 patients, 219 were lost to follow-up and could not be traced, 236 refused participation, and 28 were never offered participation owing to accidental oversight by study staff. There were no differences between participants and nonparticipants with respect to age at diagnosis, elapsed time since treatment, or gender (Kadan-Lottick, Brouwers, Breiger, Kaleita, Dziura, Liu et al., 2009; Kadan-Lottick, Brouwers, Breiger, Kaleita, Dziura, Northrup, et al., 2009) . Also see Supplementary Materials.
Procedures
The institutional review board of each participating center as well as the Yale University Human Investigation Committee approved the current study. Informed consent and assent were obtained for all participants in accordance with the Declaration of Helsinki. Participants underwent a comprehensive, half-day, neurocognitive assessment supervised by a licensed psychologist. This evaluation was paid by research funds, at no cost to the patient. Parents of participants completed a demographic and medical history survey regarding their education and income. This questionnaire also confirmed that the child was developing normally before the ALL diagnosis as an additional check of eligibility for this study.
Measures
As part of the test battery, participants completed the Numerical Operations and Word Reading subtests from the Wechsler Individual Achievement TestSecond Edition-Abbreviated (WIAT-II-A) (Wechsler, 2005) . The Numerical Operations subtest is untimed and requires the child to complete written math calculations of increasing complexity. Beginning items assess skills such as number discrimination and rote counting, while later items assess basic addition and subtraction, multidigit addition and subtraction, multiplication and division. The most advanced tasks include geometry, algebraic equations, and trigonometry. The Word Reading subtest is an untimed decoding task composed of words of graduated difficulty and decreased frequency in the English language. The WIAT-II-A is a widely used standardized assessment of achievement with excellent test-retest reliability (0.98) and validity (Wechsler, 2005) .
Fine motor skills were assessed with the Lafayette Grooved Pegboard (Lafayette Instrument Company, 2002) , an apparatus that contains 25 holes with randomly positioned slots. Pegs must be rotated to match the hole before they can be inserted. For children aged !9 years, the efficiency of speed and finger dexterity is measured in the time required to place all pegs into the pegboard. For children aged <9 years, only the first two rows require placement of pegs. It is a commonly used measure of motor functioning with sufficient reliability and validity for the testing of manual dexterity (Rourke, Yanni, MacDonald, & Young, 1973; Solan, Mozlin, & Rumpf, 1985) . The dominant hand score was used in the analyses.
The Beery-Buktenica Developmental Test of Visual-Motor Integration, Fifth Edition (Beery & Beery, 2004 ) was used to assess VMI performance. This test measures the ability to copy figures of graduated complexity requiring coordination of visual perception and finger and hand movements. The Beery VMI was standardized on a national sample of 1,737 children, age 2-18 years, and 1,021 adults, age 19-100 years. This test has proven test-retest reliability (0.90) and validity (Beery & Beery, 2004) .
The standard scaled score from the Full Scale Intelligence Quotient (FSIQ) of the Wechsler Intelligence Scales for Children-Fourth Edition (WISC-IV) was used as an indication of intelligence or overall cognitive ability (Crocker, Riley, & Mattson, 2015) . This composite of subtests assesses verbal reasoning skills, nonverbal reasoning skills, working memory and processing speed (Wechsler, 2003) . The WISC-IV used a standardization sample of 2,200 children and has internal consistency reliability coefficients that range from 0.88 to 0.97. For all measures, age-adjusted standard scores with a population mean of 100 (SD ¼ 15) were used for analyses.
Data Analysis
The primary outcomes of interest were the WIAT-II-A Word Reading and Numerical Operations subscales as continuous variables. Univariate and multivariate linear regressions were used to analyze the association of fine motor and VMI skills (as continuous variables) with word decoding and math calculation. Female gender (Waber et al., 1992) , younger age at diagnosis (Copeland et al., 1996) , and greater time elapsed since treatment (Moore, 2005) have been associated with worse neurocognitive outcomes; hence, these variable were included as covariates in the multivariate model. FSIQ was also used as a covariate. In selecting the FSIQ as compared with other estimates of global cognitive function, a comprehensive assessment of global intellectual ability is used. Because this composite score also reflects motor, working memory, and processing speed demands, use of this covariate yields the unique contribution of visual-motor abilities on written math calculation and word decoding. Protocol assignment, intelligence, and age at diagnosis were examined as potential effect modifiers. All statistical assessments were performed using SAS software, version 9.3 (SAS Institute, Cary NC).
Results
Participants
The participants had a mean age of 3.9 (SD ¼ 1.8, range ¼ 1.0-9.8) years at diagnosis of ALL and were 12.8 (SD ¼ 2.5, range ¼ 7.0-16.9) years at evaluation. The average time elapsed since diagnosis was 8.9 (SD ¼ 2.2, range ¼ 4.3-13.7) years. Eighty-one percent were White and 53% were males (Table I) . Mean scores for VMI, fine motor functioning, intelligence, math calculation, and word reading fell in the average range (Table II) .
Numerical Operations
In univariate analysis, significant predictors of math calculation ability included VMI, fine motor function, and FSIQ (Table III) . The residual plot and the Q-Q plot of the residuals were calculated for the multivariate models and data were found to be normally distributed and the assumption for homoscedasticity was met. In the multivariate model (Table IV) , VMI (b ¼ 1.185, p < .0069) and FSIQ (b ¼ 1.672, p < .0001) remained significantly associated with math calculation. FSIQ was found to moderate the association between VMI and math calculation. For children with lower FSIQ, performance on the task of VMI was more strongly associated with math calculation ability (Figure 1 ). There were no significant interactions between VMI or fine motor functioning with gender, age at diagnosis, or time elapsed since diagnosis. Neither protocol nor age at diagnosis was a significant moderator. Table III displays the results of the univariate analysis. VMI and intelligence, but not fine motor functioning, were significantly associated with word reading. In the multivariate model (Table V) , VMI (b ¼ 0.639, p ¼ .0408) and FSIQ (b ¼ 1.158, p < .0001) remained significantly associated with word reading. There was no significant interaction between VMI and FSIQ. Additionally, there were no significant interactions between visual-motor or fine motor functioning, gender, age at diagnosis, and time elapsed since diagnosis. Neither protocol nor age at diagnosis was a significant moderator of the association.
Word Reading
Conclusion
This large cross-sectional study of 256 children treated for ALL with modern therapy demonstrated that VMI was significantly associated with math calculation ability after adjusting for intelligence. For children with a lower FSIQ, VMI ability was more strongly associated with math calculation. Word reading was also associated with VMI. Fine motor functioning alone was not associated with math calculation or word reading. Contrary to our proposed reasoning, we did not find fine motor skills alone to be significantly associated with math calculation or word reading. In contrast, among typical kindergarten students, fine motor skills, independent of a visual-spatial component, contribute to academic achievement (Cameron et al., 2012) . It may be that the severity and frequency of fine motor deficits in these ALL survivors does not reach a significant threshold. Perhaps only with the added spatial processing demands a meaningful association with math calculation ability was found. Visual-spatial skills are thought to be associated with a child's ability to spatially represent numerical meaning (Geary, 1993) and is associated with counting ability and processing of number magnitude (Dehaene, Spelke, Pinel, Stanescu, & Tsivkin, 1999; Kyttala, Aunio, Lehto, Van Luit, & Hautamaki, 2003) .
The association between VMI ability and math calculation has not been previously demonstrated in children treated for ALL or other types of cancer, though it is well-documented among typical children and those with developmental motor impairments (Barnes et al., 2011; Son & Meisels, 2006) . Our study differs from a small study of 15 ALL patients and controls by Kaemingk et al. (2004) that identified psychomotor speed, but not VMI ability, as associated with arithmetic and applied math achievement. In addition to having a smaller sample size, Kaemingk et al. (2004) did not adjust for intelligence. Further, we found that for leukemia survivors with below average intellectual abilities, the association of VMI on math was higher than in those children with average or higher IQ. Given the strong association between IQ and general cognitive abilities as well as cognitive reserve, children with higher IQ may have the benefit to be able to compensate for their deficits in lower order skills. This may be likened to findings that IQ explains a greater proportion of variance on performance of executive function tasks than does a diagnosis of Attention-Deficit/Hyperactivity Disorder (ADHD) (Mahone et al., 2002) . At an above average IQ, the effects of ADHD on performance are less pronounced, suggesting that children may compensate for deficits (Mahone et al., 2002) .
We posit another possible explanation for the observed association between VMI and academic achievement. It is suggested that visual-motor skills are acutely sensitive to cerebral dysfunction and suggest impairment even in the absence of clinical observations or gross neurological deficits (Buizer, De Sonneville, van den Heuvel-Eibrink, Njiokiktjien, & Veerman, 2005; Frank, Foley, & Kuchuk, 1997; Heitger et al., 2004) . As evidence, among childhood ALL survivors who may not show any significant neurological issues, deficits in VMI can be apparent (Buizer et al., 2005; Espy et al., 2001; Jansen et al., 2008) . This discussion is speculative in nature but may be an avenue for study.
Visual-motor deficiencies may first present years after treatment and continue to progress over time (Espy et al., 2001) , and thus, surveillance is particularly important. Because this cross-sectional study does not provide evidence that written diminished visual-motor skills cause poorer written math calculation, these weaknesses may better serve as a general marker for children at risk for reduced academic progress. This may be particularly important for leukemia survivors who may not evidence gross impairment in written math calculation but whose performance reflects a possible decline in function. As this sample is better educated and with higher household income than the general population, normative means may be an underestimate of the expected level of function for unaffected matched controls (Kadan-Lottick, Ness, Bhatia, & Gurney, 2003) . Early identification of diminished VMI ability may allow educators to target interventions at children at greater risk for manifesting problems with written math calculation skills. Improving number formation and spatial planning, including use of the number line, may be used as components of a more comprehensive program to augment calculation ability (Coles, Kable, & Taddeo, 2009; Gersten et al., 2009; Moore, Hockenberry, Anhalt, McCarthy, & Krull, 2012) . We found that word reading was not significantly associated with fine motor skills, and the association of VMI and word reading was smaller than with written math calculation. Reading impairment, as compared with problems with math, is less commonly observed among ALL survivors (Brown et al., 1996; Brown, Sawyer, Antoniou, Toogood, & Rice, 1999; Mulhern et al., 1991) . Moreover, associations of motor-related skills to word reading are typically of smaller magnitude relative to other cognitive processes (Kudo, Lussier, & Swanson, 2015) so a reduced effect size in the population is consistent with these findings.
This study has some potential limitations with which the findings should be considered. This was a cross-sectional study that cannot determine a causal relationship between motor and cognitive abilities and academic achievement. Therapy exposures may have concurrently resulted in impaired VMI and math calculation abilities, which are both at least in part subserved by areas within the left perisylvian cortex (Dehaene et al., 1999) . Additionally, there is a preponderance of data that indicates many cognitive processes contribute to success in calculation, including, but not limited to executive processes (Bull, Espy, & Wiebe, 2008; Hassinger-Das, Jordan, Glutting, Irwin, & Dyson, 2014) , working memory (Bull et al., 2008; Geary, Hoard, Byrd-Craven, Nugent, & Numtee, 2007) , and sustained attention (Buizer, de Sonneville, van den Heuvel-Eibrink, & Veerman, 2006; Hassinger-Das et al., 2014) . While examining a broader range of cognitive variables may add to our understanding of achievement in leukemia survivors, we chose to examine a specific area, for example, fine motor functioning, for which there exists potential interventions and where there is interest in modifying vincristine dosing. In this study, we excluded patients that reported a pre-cancer diagnosis of a learning or developmental disability. This allowed us to attribute better any post-cancer deficit to treatment-related effects; however, given the young median age at which leukemia is diagnosed, emerging and as yet undiagnosed learning or attention problems could not be accounted for. Additionally, we did not collect data to assess the impact of school absences on academic achievement. However, as these survivors did not show a greater than expected percentage of below average performance in either calculation or decoding, the effect of absences is likely to be minimal. Finally, although this is a large-scale study of a group of homogeneously treated leukemia patients, participation in this study was partially dependent on the availability of psychology personnel to implement the protocol. While every effort was made to include community and tertiary care programs from all major regions of the nation to maximize ethnic and geographic diversity, a selection bias may still exist. However, we would not expect these factors to affect the toxic effects of chemotherapy or the relationship between VMI and academic achievement.
In conclusion, the results of this study support an association between VMI and math calculation and word reading among long-term pediatric survivors of ALL. Routine screening assessments are important to identify any deficits or emerging weaknesses in VMI. As such, the appropriate educational supports can be implemented in a timely manner. Consideration of VMI weaknesses as a marker for subtle neurocognitive dysfunction may also be considered.
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